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is observed for high Nd concentrations (y=0.62), leading to an overall hyperstoichiometry (O/M < 2.00).
Introduction
Since many decades, uranium oxide UO 2 is used as fuel in nuclear power plants. Among the non volatile fission products created during in-pile irradiation, the lanthanides (Ln) represents approximately 35 weight % of the inventory [1] .
These elements are known to be soluble into the UO 2 structure and to form a solid solution over a wide range of composition (U,Ln)O 2±x [2] , but lattice parameters change depends of the irradiation conditions [3] [4] [5] [6] . The existence of such solid solution is expected to be correlated to uranium valence states flexibility (from U 4+ to U 5+ and U 6+ ) and to the formation of oxygen vacancies, which both ensure the charge neutrality [7] . Nevertheless, recent studies have demonstrated the existence of a miscibility gap at room temperature for samples containing higher than 3 at. % of Nd [8] [9] [10] . In these studies, high temperature X-ray Diffraction (XRD) measurements as well as Raman spectroscopy have highlighted the coexistence of two Face Centered Cubic (FCC) phases exhibiting different oxygen stoichiometry or O/M ratio (M=U+Nd) leading to the general formula U y Nd 1−y O 2±x and U y Nd 1−y O 2.00 . The miscibility gap appears to be stable up to 745-800 K [9] . For higher temperatures, only one U y Nd 1−y O 2−x phase is present. In U y Pu 1−y O 2−x [11] and U y Ce 1−y O 2−x [12] systems, a miscibility gap also exists for y > 0. 2 X-ray absorption spectroscopy (XAS) is particularly advantageous to probe electronic and local structure of actinide materials, by means of X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EX-AFS). In addition, the penetrating nature of X-rays in the 3-20 keV energy range, i.e. actinide's M 4,5 -and L 3 -edges, allows to analyze confined samples, avoiding risks of radionuclei dispersion, and the use of synchrotron radiation limits the masses of the samples that are investigated [13] . But, considering the broadening of XANES spectra due to core-hole, the observation of very fine details can be limited. Moreover, the most used U L 3 -edge XANES can also be strongly affected by the local geometry [14, 15] . One major difficulty is often the unavailability of reference compounds with both the correct symmetry and the same valence.
However, linear combination fitting of U L 3 -edge XANES spectra gives accurate results for mixed actinides such (U,Am)O 2 and (U,Pu)O 2 in deducing the overall actinides valence and the oxygen stoichiometry of the samples [16] [17] [18] [19] [20] [21] . In the case of oxides without a stable fluorite structure at room temperature such as trivalent lanthanides, incorrect intensities deduced by linear combination fitting would subsequently lead to incorrect evaluation of the uranium valence state mixture. Thanks to the recent development of X-ray emission spectrometer, one can directly probe the 5f and 6d electron density of states and local structure with a virtually reduced core-hole lifetime broadening. This approach, high energy resolution fluorescence detected-XAS (HERFD-XAS), allows highly precise electronic and local structure of actinides, including direct evaluation of valence state mixture [22] . For example, this approach has been successfully applied to (U,Bi)O 2 mixed oxides [23] .
By taking advantage of the HERFD-XAS capability, this paper aims to provide accurate U valence state's evaluation on U y Nd 1−y O 2±x samples as a function of Nd content. Such key knowledge would give important insights about O/M ratio behavior and is here discussed through electroneutrality and the associated charge compensation mechanisms. [8] . In order to limit oxidation/hydration process during sample storage, the pellets were confined between two glued 12.5 µm kapton foils.
X-ray absorption spectroscopy
The U L 3 -edge XANES measurements were carried out at the MARS beamline [24] located at the French synchrotron radiation facility SOLEIL (France).
The photon energy was scanned from 17100 to 17300 eV, using the Si(220) sagittal focusing double-crystal monochromator (DCM). Rejection of higher harmonics as well as vertical collimation/focusing was achieved by two platinum-coated mirrors, placed before and after the DCM, working under total reflection at 3.1 mrad.
The beam size was estimated to be about 0.3 mm both vertically and horizontally.
Energy calibration was achieved using the first infection point of XANES spectra collected at Y K-edge of an yttrium (17038 eV) metallic foil. The XANES spectra were collected in fluorescence mode at room temperature using a Vortex-90-EX silicon drift detector (SDD). The total energy resolution is estimated to be about The experiments reported here were performed at room temperature in air without any additional environment around the sample. The paths of the incident and emitted X-rays through air during the experiments were minimized in order to avoid losses in intensity due to absorption in the air.
The ATHENA software [26] was used for normalizing XANES spectra from the raw absorption data. Pre-edge removal and normalization were achieved using linear functions at the U L 3 -edge. U M 4 -edge spectra were normalized with respect to their maximum. The energy threshold (E 0 ) values and the white-line maximum energy values of each spectrum were chosen respectively as the first inflection point and the first knot of the first derivative relatively to the incident energy.
The iterative target test (ITT) associated to the Principal Component Analysis
(PCA) as available within the ITFA code [27] has been used in order to extract the uranium valence relative concentration (U 4+ , U 5+ and U 6+ ) from HERFD spectra.
Three components were then considered and spectra collected on UO 2 , NaUO 3 and β-UO 3 were used as pure components for U 4+ , U 5+ and U 6+ respectively. The value of these component has been fixed to 100 % and/or 0 % in the case of the 3 pure valence reference samples. They were left free for the U y Nd 1−y O 2±x samples.
Experimental results and discussion
The uranium L 3 -edge XANES spectra of U y Nd 1−y O 2±x samples are reported in Figure 1 . I n c i d e n t e n e r g y ( e V ) and spectra shows similar shapes for different local environments [22, 29, 30] . So, U M 4,5 -edge appears to be the best choice in that case.
The uranium M 4 -edge HERFD-XANES spectra of U 1−y Nd y O 2±x samples are reported in Figure 2 . They are compared to the reference spectra of UO 2 , NaUO 3
and β-UO 3 . These stoichiometric and single-phase reference compounds correspond to pure U 4+ , U 5+ and U 6+ valence state respectively. As expected, all the Nd doped UO 2 samples, excepting U 0.38 Nd 0.62 O 2±x , show spectral features close to the UO 2 one, confirming the previous conclusions at U L 3 -edge, but the U 5+ /U 6+ contributions are here more clearly identified. The corresponding spectral feature energy positions are reported in Table 2 .
The increasing intensity of the shoulder at the right side of the U 4+ white- Figure 3 and are reported in Table 3 . One can see that in the U-rich region, there is no U 6+ , but only U 5+ . In the Nd-rich region, both U 5+ and U 5+ are formed, and U 4+ is no more observed.
In Figure 3 , the measured uranium valence states' concentration are compared with two different compensation models in order to understand the underlying mechanisms involved in the charge compensation when adding a trivalent atoms in UO 2 . additional compensation mechanism would be the formation of oxygen vacancies V O , and is called Model #3. This model leads to no change in the uranium valence concentration and so does not appear in Figure 3 . However, Model #3 directly affects the global O/M ratio by reducing the oxygen content by y/2 and leads to an overall hypostoichiometry, that could be associated to the reported miscibility gap through the presence of its hypostoichiometric phase.
These three models obey the following equations: sample, it is difficult to draw conclusion about which compensation mechanism is dominating without additional data.
However, 3 different stages can be, at least, extracted from our data. formation is reported up to y=0.5 [23] and y=0.4 respectively [31] . These upper limits are two times the value roughly found for Nd doped UO 2 , and suggest that the dominating mechanism depends on the dopant nature.
When the Nd concentration increases, the probability to find two Nd as first neighbors increases as well, leading to the competitive compensation mechanisms of forming one V O , two U 5+ cations or one U 6+ cation. Then, when the concentration of Nd is well above y=0.5, U 5+ are converted to U 6+ , with a possible formation of V O , as suggested by comparison to U 0.40 Bi 0.60 O 1.95 [23] . However, both experimental and theoretical assessments are needed, especially in the y= 0.2 ? 0.7 concentration range, to confirm or not these assumptions and give a complete understanding of the charge compensation mechanisms in the U 1−y Nd y O 2±x system.
Moreover, the U 1−y Nd y O 2−x and UU 1−y Nd y O 2.00 phases' formation must be clarified using for example RAMAN spectroscopy and electron microscopies. Indeed, XAS gives only indirect information, and the formation of oxygen vacancies is not necessarily the signature of the formation of these two phases in our samples.
Conclusion
Based on U M 4 -edge HERFD-XANES analysis, assessment on the charge compensation mechanisms in U 1−y Nd y O 2±x is reported. When Nd 3+ cation is substituted into the fluorite lattice, the charge difference is compensate by the formation of U 5+ cation below approx. y=0.2. This is also observed in U 1−y Gd y O 2 in case of similar dopant concentrations [28] . Then, between y=0.2 and approx. 0.6, U 5+ and U 6+ cations and oxygen vacancy are competing leading to a hypostoichiometric compound. Finally, the formation of U 6+ dominates for y > 0.6. Additional experimental points are need in the future to determine accurately the Nd concentration where each mechanism starts.
